In this paper, the photocatalytic decoloration of Acid Red 27 (AR27) has been investigated using ultraviolet (UV) irradiation in presence of SnO 2 nanoparticles. SnO 2 nanoparticles were synthesized via hydrothermal process. The SnO 2 nanoparticles' average crystallite sizes derived from X-ray analyses which were synthesized for 2, 12 and 24 hrs were about 3.73, 5.31 and 7.6 nm, respectively. Brunauer-Emmett-Teller (BET) analyses showed high surface area of about 183, 120 and 90(m 2 /g), respectively for aforementioned synthesized samples.
INTRODUCTION
Nowadays, demand for organic dyes is expanded in several industries such as textile, paper, etc. Wastewater of these industries introduces intensive color and toxicity into aquatic environmental systems. Reactive dyes are widely used in textile industries because of simple dyeing procedure and good stability of these dyes during washing processes (O'Neill et al. 1999; Stolz 2001) .
Adsorption of compounds on a solid phase surface constitutes the basis of most environmental processes for removing gaseous or aqueous contaminants. Using heterogeneous solid catalysts especially semiconductor photocatalysts in oxidation processes also involves the adsorption of reactant molecules on their surfaces (Safarik et al. 1997; Oppenlä nder 2003) .
Photocatalytic degradation and decoloration of dyes are one of the commonly used Advanced Oxidation Processes (AOP) in wastewater treatment. These processes represent an efficient method for reducing the amounts of organic pollutants in water which entail some advantages over the mere adsorptive technologies (Herrmann et al. 1993; Silva et al. 2006 ). In addition, oxide semiconductor photocatalysts are known to be the most promising photocatalysts which have been used in photocatalytic decoloration of azo dyes (Daneshvar et al. 2007) .
Optical methods are one of the vastly used approaches for electronically exciting semiconductors. When semiconductors are illuminated by a light with equal or greater energy than their band gaps, absorption of a photon can produce an electron-hole (e 2 2 h þ ) charge carrier pair. In an aqueous medium the valence band (h þ VB ) potential is positive enough to generate hydroxyl radicals at the surface and the conduction band (e 2 CB ) potential is negative enough to reduce molecular oxygen. Also, by decomposition of water or reaction of created holes with OH 2 , reactive hydroxyl radicals can be formed. These hydroxyl radicals have high reactivity and can attack the pollutant molecules adjacent to the surface doi: 10.2166/wst.2010.156 of photocatalysts. Also, conduction band electrons (e 2 CB ) can form superoxide anions of oxygen which can form organic peroxides or hydrogen peroxides. These phenomena have been indicated as the primary steps of organic matter mineralization (Ramamurthy & Schanze 2003) .
Various parameters affect the photocatalytic efficiency by interfering photocatalytic reactions in photocatalytic decoloration processes, e.g. band gap energy, specific surface area, degree of crystallinity and concentration of the photocatalyst, etc. (Hu et al. 2003; Vulliet et al. 2003) , beside operational parameters including incident light intensity, pollutants type and concentration, etc (Kiriakidou et al. 1999) .
SnO 2 is a wide bang gap semiconductor with the band gap of about 3.65 eV at bulk state. Nanoparticles of tin dioxide have been synthesized through different chemical routes, such as precipitation (Bose et al. 2002) , hydrothermal (Baik et al. 2000; Ristic et al. 2002) , sol-gel (Zhang & Gao 2004 ) and hydrolytic (Deng et al. 2002) methods. Among these synthesis routes hydrothermal is known as a suitable method for precise controlling growth and morphology of final particles (Byrappa & Yoshimura 2001) . Nanosized SnO 2 has been used as an effective supplementary phase for various nano photocatalysts to increase their efficiency in photocatalytic processes. Despite this prominent characteristic, this material has shown low photocatalytic activity when used individually (Xia et al. 2008; Wang et al. 2009 ).
In present paper, SnO 2 nanoparticles with small crystallite size and high specific surface area have been synthesised and photocatalytic decoloration kinetics of these nanoparticles has been studied in detail by considering Acid Red 27 as a pollutant. Despite of the previous reports about insufficient activity of SnO 2 nanoparticles used individually as photocatalyst in waste water treatment, the obtained nanoparticles in current study indicated relatively good photocatalytic activity that can be attributed mostly to their high specific surface area.
EXPERIMENTAL Materials
NaOH and SnCl 4 were purchased from Merck and used without further purification. P-25 was purchased from Degussa and used as commercial reference. AR27 was purchased from Boyakh Saz (Iran) which is a commercial dye (with purity about 96%) and used without further purification. Its chemical structure and UV absorbance spectra are shown in Figure 1 .
Synthesis method
The samples were prepared via hydrothermal route. First 29.5 ml of SnCl 4 was added dropwisely to a 100 ml NaOH (1 M) aqueous solution. After mixing, the solution was kept in stirring until formation of a transparent solution.
Then obtained solution was poured into 3 Teflon lined autoclaves (75 ml) and filled up to 80% of their volumes.
Then the autoclaves were kept at 1708C for 2 (SP-1), 12 (SP-2) and 24 hours (SP-3).
The vapor pressure of pure components can be calculated from Antoine equation (Antoine 1888):
where, for water at 99 -3748C, A, B and C are 8.14019, 1,810.94 and 244.485, respectively (Poling et al. 2000) .
At 1708C, the pressure which was calculated from above equation is about 7.86 bar.
After that, autoclaves were cooled to room temperature naturally and then the precipitates were filtered and washed with distilled water and ethanol for several times. Finally obtained powders dried at 508C for 24 hours. given for initial adsorption of AR27 on the surfaces of SnO 2 nanoparticles. After performing photochemical decoloration, the efficiency of process was calculated by using the following equation:
where C 0 and C are concentrations of dye in (mg/l) before and after irradiation, respectively. The initial pHs of the all samples were adjusted to 7 by adding HCl or NH 4 OH. 
where D is the mean crystallites size; K is a grain shape dependent constant (here assumed to be 0.89 for spherical grains); l is wavelength of the incident beam; u is the Bragg reflection peak angle; and b is the full width at half maximum (Dinnebier & Billinge 2008) . The estimated results for mean crystallites sizes of samples are listed in Table 1 . It can be seen that by increasing hydrothermal synthesis time from 2 to 24 hours the mean crystallite sizes of samples increase form 3.73 to 7.6 nm. ( Jiang et al. 2002) . TEM images of SP-2 and SP-3 samples showed the same morphologies with slight increase in mean particle sizes. Due to extremely fine size and high agglomeration tendency of particles, accurate estimation of particle size distribution involves with high statistical errors. Therefore the median size of particles has not been indicated.
The specific surface areas of the obtained samples were calculated from Brunauer -Emmett-Teller (BET) method. These results are also listed in Table 1 . The results also indicate a decrease in specific surface area by increasing hydrothermal synthesis time, which can be attributed to growth of SnO 2 particles, as mentioned before.
BET adsorption Isotherm plots of all samples, highly represents a Type I isotherm as shown in Figure 5 (a). It has been shown, if a solid contains micropores, its isotherm tends to appears as a Type I isotherm. This phenomenon is due to overlap of potential fields of neighbouring porosities walls and corresponding by the increase in interaction energy of solid with gas molecules (Gregg & Sing 1982) . 
The results are listed in Table 2 . These data which have been derived from Figure 5(b) , could be used for calculating (Li et al. 1999; Wang 2008) . During the process, these units bond together by reactions between OH ligands of two adjacent units and release of water molecules as a by-product. Nuclei are formed by extension of these complexes. These nuclei grow by the same mechanism to form SnO 2 crystallites with OH 2 ligands on their surfaces. After drying process the whole crystallites transform into SnO 2 crystals. Absorption coefficient, a(l), for allowed direct transition of semiconductors is given by the following expression 
where A is coefficient of the given electronic transition probability, E g is band gap energy and is equal to 0.5 and 2 for allowed direct and indirect transitions and 1.5 and 3 in case of forbidden direct and indirect transitions, respectively. In current study the best fit of (ahy ) 1/n versus photon energy was obtained 0.5. The obtained band gap energies of SP-1, SP-2 and SP-3 were 4.15, 4.02 and 3.91 eV, respectively.
Photocatalytic properties
In absence of UV irradiation, initial concentration of AR27 in presence of colloidal photocatalyst particles decreased gradually. This decrease was negligible for all samples after about 20 min which corresponds to the equilibrium adsorption of dye on the surface of photocatalysts.
Thus 30 min was chosen for initial adsorption of the dye on the surface of SnO 2 nanoparticles. Also, the decoloration of AR27 under UV irradiation in absence of photocatalyst was negligible. Figure 7 Shows the UV -Vis absorbance spectra of dissolved AR27 (60 ppm) in water with SP-1 colloidal nanoparticles (20 ppm). These spectra indicate the dependence of AR27 UV -Vis absorbance intensity on irradiation time. The amounts of these initial adsorptions are listed in Table 1 . This step is essential for adsorption of dye on the surface of photocatalysts and accurate estimation of photocatalytic efficiency.
According to Figure 7 , the changes in the dye concentration during the photocatalytic decoloration with different nanoparticles are shown in Figure 8 . As it can be seen in this figure, the photocatalytic efficiencies of obtained SnO 2 nanoparticles, due to their high specific surface areas, are much higher than commercial P-25 nano TiO 2 photocatalyst.
The total active surface area decreases by increase in photocatalyst's mean particles size. This causes the total amount of adsorbed AR27 on the surface of SnO 2 nanoparticles to decrease. These amounts are listed in Table 1 . 
Kinetics of AR27 photocatalytic decoloration
Most of the organic azo dyes decoloration reactions by photocatalysts and UV light are pseudo-first-order.
By assuming pseudo-first-order photocatalytic decoloration reaction of AR27, its concentration in any given time can be estimated as following:
Where, k obs is the pseudo-first-order rate constant. If same procedure was carried out with different initial concentrations of AR27, due to changing the concentration of active organic azo dyes molecules adjacent to photocatalysts surface and constant rate of electron-hole creation on the surface of photocatalysts, the k obs would have changed (Mills et al. 1993) . Figure 10 Table 3 .
The pseudo-first order of azo dyes decoloration reaction with UV/Photocatalysts can be related to the surface adsorp tion of dyes on the active sites without saturation (Peill & Hoffmann 1998) . By assuming Langmuir -Hinshelwood kinetic model (Luo & Ouis 1996) , organic substance,
where K AR27 is the adsorption equilibrium constant, k c is the surface reaction rate constant and [AR27] 0 is the initial concentration of AR27.
In the Langmuir -Hinshelwood equation k c is related to the limiting rate of the reaction at maximum coverage under the experimental conditions and K AR27 represents the equilibrium constant for adsorption of AR27 on the active surface sites of photocatalysts (Turchi & Ollis 1990) .
As shown in Figure 11 by least square fitting, the values of the adsorption equilibrium constant, K AR27 and the rate constant of surface reaction, k c were calculated to be 0.0924 (l/mg) and 0.02535 (mg/min l), respectively.
CONCLUSION
In this paper, synthesis of SnO 2 nanoparticles with high specific surface area of 183 m 2 /g and small mean crystallite size of 3.73 nm were reported and their photocatalytic activity and decoloration reaction kinetics were discussed in terms of Langmuir-Hinshelwood kinetic model.
The synthesized nanoparticles showed Type-I adsorption isotherm which was attributed to microporous structure.
The samples pores volumes decreased from 0.0729 to 0.0441 cm 3 /g and their specific surface areas decreased from 183 to 90 m 2 /g with increasing hydrothermal synthesis time from 2 to 24 hours, also the corresponding band gap energies decreased from 4.15 to 3.91 eV, respectively.
Increase in specific surface areas and band gap energies of the samples caused an increase in decoloration observed reaction rate constants (k obs ) of AR27 from 0.0008 to 0.0056. Thus due to their high specific surface area and also high decoloration efficiency, the obtained nanoparticles can be used as promising contaminants adsorbent and good photocatalysts for decoloration of low concentrations of the investigated dye. 60 Initial AR27 (ppm) k c = 0.2535 mg 1 -1 min -1 , K AR27 = 0.0924 mg -1 l 70 80
Figure 11 | Langmuir -Hinshelwood plot of (1/kobs) vs. Initial concentration of AR27 and its least square fit for [SnO 2 ] SP-1 ¼ 20 ppm.
